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Abstract Synthetic multiple-target RNA and DNA oli-
gonucleotides were constructed for use as quantiﬁcation
standards for nucleic acid ampliﬁcation assays for human
norovirus genogroup I and II, hepatitis E virus, murine
norovirus, human adenovirus, porcine adenovirus and
bovine polyomavirus. This approach overcomes the prob-
lems related to the difﬁculty of obtaining practical quan-
tities of viral RNA and DNA from these viruses. The
quantiﬁcation capacity of assays using the standards was
excellent in each case (R
2[0.998 and PCR efﬁ-
ciency[0.89). The copy numbers of the standards were
equivalent to the genome equivalents of representative
viruses (murine norovirus and human adenovirus), ensuring
an accurate determination of virus presence. The avail-
ability of these standards should facilitate the implemen-
tation of nucleic acid ampliﬁcation-based methods for
quantitative virus detection.
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Introduction
Molecular-based methods have become the gold standard
for routine detection of viruses in food and environmental
samples (Bosch et al. 2011; Croci et al. 2008). A realistic
risk assessment strategy to assess the risks created by the
contamination of food and the environment by enteric
viruses will require a quantitative focus, and therefore
accurate virus quantiﬁcation is necessary. When a nucleic
acid ampliﬁcation-based method is applied for quantita-
tive purposes, known concentrations of nucleic acids
are used to construct calibration curves for quantiﬁcation
(Rodrı ´guez-La ´zaro et al. 2007). According to the Minimum
Information for Publication of Quantitative Real-Time
PCR Experiments (MIQE) guidelines (Bustin et al. 2009),
nucleic acids used as standards for quantiﬁcation can be of
several types: puriﬁed synthetic RNA or DNA oligonu-
cleotides spanning the complete PCR amplicon, plasmid
DNA constructs, cDNA cloned into a plasmid, in vitro
transcribed RNA, reference DNA pools and RNA or DNA
from biological samples. However, important enteric
pathogenic viruses such as human norovirus (hNoV) or
hepatitis E virus (HEV) are not culturable in the laboratory
(Lees and CEN WG6 TAG4 2010) and therefore, a source
of viral nucleic acids necessary to make standard solutions
can be very restricted, thus being more convenient to use a
synthetic nucleic acid.
The application of synthetic nucleic acid molecules as
standards for detection and quantiﬁcation of organisms
whose availability is scarce has been already applied suc-
cessfully to a wide spectrum of organisms such as geneti-
cally modiﬁed plants (Herna ´ndez et al. 2005; Kuribara
et al. 2002; Taverniers et al. 2004) and some pathogenic
viruses (Kwiatek et al. 2010; Vester et al. 2010; Workenhe
et al. 2008). A similar approach has not been followed for
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such as hNoV or HEV. However, as the public health
implications of their presence in foodstuffs and the envi-
ronment is becoming increasingly recognised (Anonymous
2008), and methods suitable for their routine monitoring
are becoming available (Lees and CEN WG6 TAG4 2010),
the availability of speciﬁc nucleic acid ampliﬁcation stan-
dards is becoming necessary.
In the present work, we describe the construction of
plasmids containing multiple-target sequences, which can
be used as standards for quantiﬁcation of enteric viruses
(HEV, hNoV genogroups I and II, bovine polyomavirus—
BPyV, human adenovirus—HAdV and porcine adenovirus—
PAdV) by (reverse transcription) real-time PCR. The
performance in quantitative reactions of these synthetic
standards was assessed in comparison to natural nucleic
acids extracted from viruses.
Materials and Methods
Viruses and Cell Cultures
Murine norovirus 1 (MNV-1) was propagated in
RAW264.7 cells, and titrated by end-point dilution (ﬁnal
stock concentration 4.22 9 10
6 median tissue culture
infective dose (TCID50)m l
-1). Human adenovirus type-2
(HAdV-2) was propagated in A549 cells and titrated by the
same technique (ﬁnal stock concentration 2.1 9 10
7
TCID50 ml
-1). Total viral RNA or DNA was extracted
from infected cultures using QIAamp viral RNA mini kit
(QIAGEN, GMBH, Inc., Hilden, Germany), following
manufacturer’s instructions. MNV-1 was supplied by Prof.
Herbert W. Virgin IV, Washington University School of
Medicine, US according to the MTA signed within the EU
project VITAL, and HAdV-2 was supplied by Prof. Rosina
Girones, University of Barcelona, Spain.
Construction of a Plasmid for Transcription
of Synthetic RNA
A synthetic DNA molecule was designed to contain target
sequences for reverse transcription real-time PCR (RT-
qPCR) assays for HEV (Jothikumar et al. 2006), hNoV GI
(Svraka et al. 2007) and hNoV GII (da Silva et al. 2007).
The oligonucleotide was synthesised (Euroﬁns MWG
Operon, Ebersberg, Germany) and cloned into a pCR 2.1-
TOPO plasmid (Invitrogen, Breda, The Netherlands).
Then, the target sequence for a RT-qPCR assay for murine
norovirus (MNV-1) (Baert et al. 2008) was added to the 30
end of the plasmid. This was done by modifying the
primers to add tails containing sites for XhoI (primer
FwORF1/ORF2) and ApaI (primer RvORF1/ORF2). The
ﬁnal sequence was 424 bp (Fig. 1). The recombinant
plasmid was designated as pCR2.1TOPO-rSTD.
Production of the Synthetic RNA
Six micrograms of pCR2.1TOPO-rSTD clone were line-
arised by digestion with HindIII enzyme (New England
Biolabs, Ipswich, MA, USA) prior to in vitro transcription.
The linearised plasmid was subsequently puriﬁed using the
QIAquick PCR puriﬁcation kit (QIAGEN, GMBH, Inc.,
Hilden, Germany) and in vitro transcribed using T7 RNA
Fig. 1 Graphic representation
of pCR2.1TOPO-rSTD
containing the sequence of the
synthetic rFBV1 RNA. The
length of the plasmid
pCR2.1TOPO-rSTD is 4295 bp.
The viral insert was ﬂanked by
NotI and ApaI sites. The
sequences of the RT-qPCR
assays are shown (hNoV GII—
within box, hNoV GI—italics,
HEV—bold and MNV-1—
underlined. The sequences
corresponding to the TOPO
vector are in normal type
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123polymerase (Riboprobe in vitro transcription system, Pro-
mega, Madison, WI, USA) following the manufacturer’s
instructions. As viral target DNA was reverse cloned in
pCR-2.1 TOPO vector, transcription was performed in the
antisense direction to generate a ssRNA(?). Residual DNA
was removed by digestion with 35 U of RNase-free DNase
contained in the kit. Subsequently, RNA puriﬁcation was
carried out using RNeasy kit (QIAGEN, GMBH, Inc.,
Hilden, Germany). Parallel qPCR and RT-qPCR assays for
each virus veriﬁed that residual DNA had been removed
(data not shown). To check the integrity of the RNA, an
aliquot was electrophoresed in a native 1.5% agarose gel.
To verify that the sequence of the insert was correct, direct
sequencing using two pairs of ﬂanking primers M13 For-
ward/M13 Reverse and FwORF1/ORF2/COG2R was per-
formed using the kits Big Dye v3.1 or v1.1 (Applied
Biosystems, Foster City, CA, USA) in an ABI3130 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA)
following manufacturer’s instructions. Transcription reac-
tions were repeated several times to obtain a higher amount
of RNA, and after the integrity and purity was assessed, the
RNA solutions were pooled, aliquoted in suitable volumes
and stored at -80C. The synthesised RNA molecule was
designated rFBV1.
Construction of the Synthetic DNA
A synthetic DNA molecule was designed to contain target
sequences for qPCR assays for BPyV (Hundesa et al.
2010), HAdV (Hernroth et al. 2002) and PAdV (Hundesa
et al. 2009). The oligonucleotide was synthesised (Euroﬁns
MWG Operon, Ebersberg, Germany) and cloned into a
pCR 2.1-TOPO plasmid (Invitrogen, Breda, The Nether-
lands). The ﬁnal sequence was 228 bp (Fig. 2). To verify
that the sequence of the insert was correct, direct
sequencing using the two ﬂanking primers M13 Forward
and M13 Reverse was performed as for synthetic RNA.
The plasmid was cloned in E. coli, and a puriﬁed solution
prepared using QIAGEN plasmid Midi kit (QIAGEN,
GMBH, Inc., Hilden, Germany). The DNA solutions were
pooled, aliquoted in suitable volumes and stored at -80C.
The synthesised DNA was designated as pFBV2.
Quantiﬁcation of RNA and DNA
RNA and DNA concentrations were determined by UV
spectrophotometry in a Nanodrop ND-1000 spectropho-
tometer (ThermoScientiﬁc, Wilmington, NC, USA). The
measurements were performed in duplicate and concen-
tration in g was converted to molecule number using the
following formulae:
RNA molecules   ll 1
¼ g=ll ðÞ = transcript length in nucleotides   340 ðÞ ½ 
  6:022   1023
DNA molecules   ll 1
¼ g=ll ðÞ = plasmid length in base pairs   660 ðÞ ½ 
  6:022   1023
RT-qPCRs and qPCRs
All RT-qPCRs and qPCRs were run in an LC 480 II
instrument (Roche, Mannheim, Germany). For RT-qPCR
assays, 5 ll of the RNA solution were added to 15 llo f
master mix consisting of 7.4 ll Light Cycler 480 Master
Hydrolysis probes (Roche, Mannheim, Germany), and 1.3
ll activator (50 mM). Primers and probes concentrations
Fig. 2 Graphic representation
of pFBV2 containing the
sequence of the synthetic DNA.
The length of the plasmid is
4,159 bp. The viral insert was
ﬂanked by ApaI and NotI sites.
The sequences of the qPCR
assays are shown (BPyV—bold,
HAdV-2—italics and PAdV—
underlined. The sequences
corresponding to the TOPO
vector are in normal type
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123were those described before for MNV-1 (Baert et al. 2008)
and HEV (Jothikumar et al. 2006). For hNoV GI and GII
assays, forward primer was added at a concentration of 500
nM, reverse primer at 900 nM and probe at 250 nM.
Cycling conditions consisted of 63C for 30 min followed
by denaturation at 95C for 5 min, and 45 cycles of
denaturation at 95C for 15 s, and annealing, ampliﬁcation
and detection at 60C for 1 min. For HEV, cycling con-
ditions were 63C for 30 min followed by denaturation at
95C for 5 min 45 cycles of 10 s at 95C, annealing at
55C for 20 s and ampliﬁcation and detection at 72C for
15 s. For MNV-1, cycling conditions were 63C for 30 min
followed by denaturation at 95C for 5 min and 40 cycles
of denaturation at 95C for 15 s and annealing, ampliﬁ-
cation and detection at 60C for 1 min.
For qPCR assays, 5 ll of the DNA solution were added
to 20 ll of master mix consisting of 12.5 ll Light Cycler
480 Probes Master (Roche, Mannheim, Germany). Primers
and probes concentrations were those described previously
(Hernroth et al. 2002; Hundesa et al. 2010; Hundesa et al.
2009). Cycling conditions for HAdV and PAdV assays
consisted of denaturation at 95C for 10 min, and 45 cycles
of denaturation at 95C for 15 s, and annealing, ampliﬁ-
cation and detection at 60C for 1 min. Cycling conditions
for BPyV were denaturation at 95C for 10 min followed
by 45 cycles of denaturation at 95C for 15 s, annealing at
60C for 1 min.
Results
Evaluation of the Performance of the RT-qPCR Assays
Using Synthesised RNA
The results of the performance of the four RT-qPCR assays
(hNoVGI, hNoVGII, HEV and MNV-1) using tenfold
dilutions (from 10
6 to 10
1 RNA molecules) of the rFVB1
are shown in Table 1. The capacity for quantiﬁcation using
rFVB1 for each RT-qPCR assay was also calculated based
on the linearity and PCR efﬁciency (E) (Rodrı ´guez-Lazaro
et al. 2005). Both parameters were very close to the optimal
in all RT-qPCR assays (R
2 C 0.998 and E C 0.89;
Table 1) demonstrating that the use of the synthetic RNA
for constructing standard quantiﬁcation curves is an
excellent approach. The limits of quantiﬁcation (LOQ)
were 1 9 10
1 rFVB1 copies per reaction in all the assays,
with the exception of hNoV GII and HEV where the LOQ
was 1 9 10
2 copies per reaction (Table 1). In addition,
reliable quantiﬁcation was possible over a dynamic range
at least of ﬁve logs.
The performance of the RT-qPCR assays using tenfold
dilutions of rFVB1 were also compared to those assays
using tenfold dilutions of native RNA from MNV-1
extracted from infected cells (from 10
6 to 10
1 RNA mol-
ecules). The performances were very similar, as the line-
arity and PCR efﬁciency values were very similar (R
2 of
Table 1 Quantitative detection of synthetic (hNoVGI, hNoVGII, HEV and MNV-1) and native MNV-1 RNA
Approx. molecules/reaction
a Synthetic RNA Virus RNA
hNoVGI
b hNoVGII
c HEV
d MNV-1
e MNV-1
f
Cp value
g Cp value Cp value Cp value
g Cp value
g
1 9 10
6 14.75 ± 0.24 12.45 ± 0.07 16.61 ± 0.18 15.57 ± 0.04 15.59 ± 0.02
1 9 10
5 17.91 ± 0.15 15.89 ± 0.07 19.80 ± 0.15 19.56 ± 0.04 19.32 ± 0.04
1 9 10
4 21.68 ± 0.30 19.35 ± 0.13 23.35 ± 0.16 23.30 ± 0.04 22.95 ± 0.03
1 9 10
3 25.01 ± 0.28 23.11 ± 0.15 26.71 ± 0.21 27.07 ± 0.05 26.65 ± 0.02
1 9 10
2 28.47 ± 0.37 26.92 ± 0.20 29.54 ± 0.30 30.30 ± 0.03 29.85 ± 0.01
1 9 10
1 32.23 ± 0.45 35.56 ± 0.25 nd
h 33.74 ± 0.04 33.09 ± 0.03
a Estimated number of synthetic rFBV1 or virus RNA molecules in each RT-qPCR run
b hNoVGI RT-qPCR results from tenfold serial dilutions of synthetic RNA rFBV1. The standard curve was: y =- 3.497x ? 35.58; and the R
2
and PCR efﬁciency values were 0.999 and 0.93, respectively
c hNoVGII RT-qPCR results from tenfold serial dilutions of synthetic RNA rFBV1. The standard curve was: y =- 3.616x ? 34.00; and the R
2
and PCR efﬁciency values were 0.999 and 0.89, respectively
d HEV RT-qPCR results from tenfold serial dilutions of synthetic RNA rFBV1. The standard curve was: y =- 3.277x ? 36.31; and the R
2 and
PCR efﬁciency values were 0.998 and 1.02, respectively
e MNV-1 RT-qPCR results from tenfold serial dilutions of synthetic RNA rFBV1. The standard curve was: y =- 3.624x ? 37.60; and the R
2
and PCR efﬁciency values were 0.998 and 0.89, respectively
f MNV-1 RT-qPCR results from tenfold serial dilutions of RNA puriﬁed from MNV-1. The standard curve was: y =- 3.508x ? 36.85; and the
R
2 and PCR efﬁciency values were 0.998 and 0.93, respectively
g Cycle number at which ﬂuorescence intensity equals a ﬁxed threshold. Mean value ± standard error of the mean. The experimental results
were statistically signiﬁcant (P\0.05) taking into account unavoidable error associated with serial dilutions
h Not detected
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1230.998 and E of 0.93 and 0.89 for native and synthetic
MNV-1 RNA, respectively) (Table 1; Fig. 3a). When the
Cp (cycle to positivity) values obtained using each type of
RNA were plotted in a graphic (synthetic RNA Cp values
vs. MNV-1 RNA Cp values) an excellent correlation (slope
of 0.967 and R
2 of 0.999) was found (Fig. 3b).
Evaluation of the Performance of the qPCR Assays
Using Synthetic DNA
The results of the performance of the three qPCR assays
(BPyV, PAdV and HAdV) using tenfold dilutions (from
10
5 to 10
1 DNA molecules) of the pFBV2 are shown in
Table 2. Similarly to the RT-qPCR assays, the capacity for
quantiﬁcation was also calculated based on the linearity
and PCR efﬁciency. Both parameters were very close to the
optimal in all qPCR assays (R
2 C 0.96 and E C 0.997;
Table 2) demonstrating that the use of the synthetic DNA
for constructing standard quantiﬁcation curves is an
excellent approach. The limits of quantiﬁcation (LOQ)
were 1 9 10
1 pFBV2 copies per reaction in all the assays
(Table 2). In addition, reliable quantiﬁcation was possible
over a dynamic range at least of ﬁve logs.
The performance of the qPCR assays using tenfold
dilutions of pFBV2 were also compared to those assays
using tenfold dilutions of native DNA from HAdV-2
extracted from infected cells (from 10
5 to 10
1 DNA mol-
ecules). The performances were very similar, as the line-
arity and PCR efﬁciency values were very similar (R
2 of
0.999 and E of 1.00 and 0.96 for native and synthetic
HAdV-2 DNA, respectively) (Table 2; Fig. 4a). When the
Cp values obtained using each type of DNA were plotted in
a graphic (synthetic DNA Cp values vs. HAdV-2 DNA Cp
values) an excellent correlation (slope of the curve of 0.965
and R
2 value of 0.999) was found (Fig. 4b).
Discussion
Accurate quantiﬁcation of viruses is important to determine
not only the level of contamination of food, surfaces,
waters, etc., but also to determine any reduction of virus
contamination after disinfection treatments. It can also be
used to determine a possible linkage of virus levels to risk
of infection or outbreaks (Lees and CEN WG6 TAG4
2010). Probably because of the difﬁculty of obtaining
suitable RNA, several previously published methods have
used DNA containing virus-complementary sequences as
quantiﬁcation standards. However, this approach is far
from optimal, as the reverse transcription step is thus not
considered (Boeuf et al. 2005; Terlizzi et al. 2010; Vester
et al. 2010; Workenhe et al. 2008).
Absolute quantiﬁcation will be reliable only if the
standard and the unknown samples are retrotranscribed
(only for RNA molecules) and ampliﬁed with the same
efﬁciency (Boeuf et al. 2005). So standard curves obtained
after ampliﬁcation of tenfold serial dilutions of puriﬁed
viral RNA or DNA and external RNA or DNA standards
were compared (Tables 1, 2; Figs. 1, 2). RNA transcribed
from linearised plasmid pCR2.1TOPO-rSTD was found to
give more reliable viral RNA copy number estimation than
RNA transcribed from circular pCR2.1TOPO-rSTD (data
not shown). It has been suggested that an acceptable
RT-qPCR standard curve should have a correlation coef-
ﬁcient (R
2) C 0.98 and a slope value (s) between 3.6 and
3.1, corresponding to reaction efﬁciencies (E) between 0.9
B A
Fig. 3 Comparison of the performance of the RT-qPCR assays using
native and synthetic RNA. a Standard curve generated by tenfold
dilutions (from 10
6 to 10
1 RNA molecules) of rFVB1 (triangle)a n d
native RNA from MNV-1 extracted from infected cells (square).
b Representation ofthe equivalence of the Cp values oftenfold dilutions
(from10
6to10
1RNAmolecules)ofrFVB1(y-axis)andMNV-1(x-axis)
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123and 1.1 (La Rosa et al. 2010). For rFBV1 and pFBV2
standards, all R
2 and E values conformed to these accept-
able limits. Any observed differences in the capacity for
quantiﬁcation of the individual assays using the standards
were slight, and can be attributed to the effect of variations
in the individual nucleic acid sequences (Boeuf et al. 2005).
The quantiﬁcation of the DNA viruses was more efﬁcient
thanthequantiﬁcationoftheRNAviruses(Tables 1,2).This
is probably due to the nature of RNA, and also to the addi-
tional RT step, as its efﬁciency depends on many factors
(Levesque-Sergerie et al. 2007). Finally, and most
importantly, the copy numbers of rFBV1 are equivalent to
the genome equivalents of MNV-1, and the copy numbers of
pFBV2areequivalenttothegenomeequivalentsofHAdV-2.
Thisrelationshipisconﬁdentlyexpectedtopertainalsotothe
other virus species presented in these standards. Thus, when
using these standards in monitoring a food or environmental
matrix for the viruses, the analyst can be conﬁdent that the
determination of virus presence he/she obtains is accurate.
Thus, the availability of these standards should facilitate the
implementationofnucleicacidampliﬁcation-basedmethods
for quantitative virus detection.
Table 2 Quantitative detection of synthetic (PAdV, BPyV and HAdV) and native HAdV DNA
Approx. molecules/reaction
a Synthetic DNA Virus DNA
PAdV
b BPyV
c HAdV
d HAdV
e
Cp value
f Cp value
f Cp value
f Cp value
f
1 9 10
5 22.46 ± 0.10 23.96 ± 0.07 22.08 ± 0.04 22.15 ± 0.02
1 9 10
4 25.83 ± 0.13 27.61 ± 0.12 25.49 ± 0.04 25.49 ± 0.04
1 9 10
3 29.29 ± 0.11 30.98 ± 0.12 28.84 ± 0.05 28.92 ± 0.03
1 9 10
2 32.32 ± 0.07 34.23 ± 0.04 32.11 ± 0.05 32.06 ± 0.02
1 9 10
1 35.95 ± 0.09 36.81 ± 0.23 35.92 ± 0.10 35.44 ± 0.06
a Estimated number synthetic pFBV2 or virus DNA molecules in each qPCR run
b PAdV qPCR results from tenfold serial dilutions of synthetic DNA pFBV2. The standard curve was: y =- 3.347x ? 42.55; and the R
2 and
PCR efﬁciency values were 0.999 and 0.99, respectively
c BPyV qPCR results from tenfold serial dilutions of DNA pFBV2. The standard curve was: y =- 3.232x ? 43.64; and the R
2 and PCR
efﬁciency values were 0.999 and 1.04, respectively
d HAdV qPCR results from tenfold serial dilutions of DNA pFBV2. The standard curve was: y =- 3.430x ? 42.60; and the R
2 and PCR
efﬁciency values were 0.999 and 1.02, respectively
e HAdV qPCR results from tenfold serial dilutions of DNA puriﬁed from HAdV-2. The standard curve was: y =- 3.315x ? 42.07; and the R
2
and PCR efﬁciency values were 0.999 and 1.00, respectively
f Cycle number at which ﬂuorescence intensity equals a ﬁxed threshold (Rodrı ´guez-La ´zaro et al. 2003). Mean value ± standard error of the
mean. The experimental results were statistically signiﬁcant (P\0.05) taking into account unavoidable error associated with serial dilutions
B A
Fig. 4 Comparison of the performance of the qPCR assays using
native and synthetic DNA. a Standard curve generated by tenfold
dilutions (from 10
6 to 10
1 DNA molecules) of pFVB2 (triangle) and
native DNA from HAdV-2 extracted from infected cells (square).
b Representation of the equivalence of the Cp values of tenfold
dilutions (from 10
6 to 10
1 DNA molecules) of pFVB2 (y-axis) and
HAdV-2 (x-axis)
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